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Abstract 21 
Introduction: To examine the validity and accuracy of wrist accelerometers for classifying 22 
sedentary behavior (SB) in children.  23 
Methods: Fifty-seven children (5-8y and 9-12y) completed a ~170min protocol including 15 24 
semi-structured activities and transitions. Nine ActiGraph (GT3X+) and two GENEActiv 25 
wrist cut-points were evaluated. Direct observation was the criterion measure. The accuracy 26 
of wrist cut-points was compared to that achieved by the ActiGraph hip cut-point (≤25 27 
counts/15s) and the thigh-mounted activPAL3TM. Analyses included equivalence testing, 28 
Bland-Altman procedures and area under the receiver operating curve (ROC-AUC).   29 
Results: The most accurate ActiGraph wrist cut-points (Kim, vector magnitude: ≤3958 30 
counts/60s and vertical axis: ≤1756 counts/60s) demonstrated good classification accuracy 31 
(ROC-AUC = 0.85-0.86) and accurately estimated SB time in 5-8y (equivalence p=0.02; 32 
mean bias: 4.1%, limits of agreement [LoA]: -20.1-28.4%) and 9-12y (equivalence p<0.01; -33 
2.5%, -27.9-22.9%). Mean bias of SB time estimates from Kim were smaller than ActiGraph 34 
hip (5-8y: 15.8%, -5.7-37.2%; 9-12y: 17.8%, -3.9-39.5%) and similar to or smaller than 35 
activPAL3TM (5-8y: 12.6%, -39.8-14.7%; 9-12y: -1.4%, -13.9-11.0%), although classification 36 
accuracy was similar to ActiGraph hip (ROC-AUC = 0.85) but lower than activPAL3TM 37 
(ROC-AUC = 0.92-0.97). Mean bias (5-8y: 6.5%, -16.1-29.1%; 9-12y: 10.5%, -13.6-34.6%) 38 
for the most accurate GENEActiv wrist cut-point (Schaefer: ≤0.19g) was smaller than 39 
ActiGraph hip, and activPAL3TM in 5-8y, but larger than activPAL3TM in 9-12y. However, 40 
SB time estimates from Schaefer were not equivalent to direct observation (equivalence 41 
p>0.05) and classification accuracy (ROC-AUC = 0.79-0.80) was lower than for ActiGraph 42 
hip and activPAL3TM.  43 
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Conclusion: The most accurate SB ActiGraph (Kim) and GENEActiv (Schaefer) wrist cut-44 
points can be applied in children with similar confidence as the ActiGraph hip cut-point (≤25 45 
counts/15s), although activPAL3TM was generally more accurate. 46 
   47 
Keywords: activity monitor, youth, validation, physical activity, objective measurement, 48 
sitting 49 
 50 
Introduction 51 
Sedentary behaviors (SB) are defined as any waking behaviors in a sitting or reclining 52 
position that require an energy expenditure of ≤1.5 metabolic equivalents (30). Although 53 
some studies among children and adolescents suggest that the total volume or pattern of SB is 54 
associated with adverse health outcomes, independent of moderate- to vigorous intensity 55 
physical activity (MVPA) (7, 8, 24), overall the evidence appears to be inconsistent (6, 11). 56 
Accurate measures of SB are essential for both observational and experimental research to 57 
further investigate the influence of SB on health outcomes, as well as the prevalence and 58 
determinants of SB, and the effectiveness of interventions to reduce SB.  59 
Accelerometry is the method of choice for objectively measuring the amount and 60 
patterning of SB in children (32) and various accelerometers are available for placement on 61 
different body locations (e.g. hip, wrist or thigh) (17). Hip-mounted accelerometers have 62 
commonly been used in children (32), with cut-point approaches typically applied to define 63 
SB (17). For example, large population surveys, such as the National Health and Nutrition 64 
Examination Study (NHANES) 2003-2004 incorporated hip-worn ActiGraph accelerometers 65 
and SB time was estimated using a <100 counts/minute threshold (22). However, concerns 66 
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about low participant compliance to accelerometry protocols and subsequent data loss have 67 
resulted in a shift from hip to wrist placement (14). NHANES 2011-2014 (31) incorporated 68 
wrist-worn accelerometers and the data from this study and other initial reports (13, 28) 69 
indicate that wrist-placement results in increased wear time due to greater compliance, which 70 
in turn leads to greater confidence that the data are representative of daily physical activity 71 
and SB. The ActiGraph (ActiGraph LLC, Pensacola Beach, FL) and GENEActiv 72 
(ActivInsights Ltd., Cambridge, UK) are accelerometer-based motion sensors typically worn 73 
on the hip or wrist. Thresholds or cut-points have been developed for the wrist-worn 74 
ActiGraph (5, 9, 19) and GENEActiv (26, 29) to classify SB in children. The wrist cut-points 75 
were developed using different age groups, sample sizes and activity protocols, which results 76 
in variations in the cut-points used to classify SB. For example, wrist cut-points developed 77 
for ActiGraph’s vertical axis (VA; x-axis) range from 35 counts[c]/5s (9) to 202c/5s 78 
(Chandler et al., personal communication, 2016). Using different accelerometer models, 79 
placing them at different body locations, and applying different cut-points, results in 80 
considerable differences in estimates of SB (17, 28), which makes it difficult to compare 81 
outcomes between studies and examine the epidemiology of SB. Therefore, comparison of 82 
these assessment methods is needed. Rowlands et al. (2014) compared free-living SB 83 
estimates from a GENEActiv (26) signal vector magnitude (SVM) wrist cut-point 84 
(PhillipsSVM: right wrist, <6gs; left wrist, <7gs) with the widely used ActiGraph hip cut-point 85 
for VA (Evenson: ≤25c/15s) (12) in a sample of free-living 10-12 year-olds (28). This study 86 
reported that the outcomes from these monitors were highly correlated, however, sedentary 87 
time estimated by PhillipsSVM was significantly lower (9.6%) than estimates from the 88 
ActiGraph hip cut-point. Because the study did not have a criterion measure of SB, the level 89 
of error from each measure is unknown. Furthermore, the relative validity of the range of 90 
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GENEActiv and ActiGraph wrist cut-points remains unknown, because only one 91 
accelerometer model and one cut-point for the wrist were evaluated.  92 
It is also important to evaluate the validity of recent SB wrist cut-points against 93 
alternative objective measures to understand the accuracy of newer approaches relative to 94 
other options for assessing SB. One alternative method is thigh-mounted accelerometry, such 95 
as the activPAL3TM (PAL Technology Ltd., Glasgow, UK) posture detection system, which 96 
classifies periods spent sitting/lying, standing or stepping. Because of the monitor's 97 
placement on the thigh, it uses the orientation (angle to vertical) of the thigh to accurately 98 
estimate SB (34), rather than simply the movement intensity measures used in traditional hip-99 
based cut-point approaches which have difficulties differentiating between standing and 100 
sitting (17, 21). Whether or not wrist-based cut-point approaches provide equally accurate 101 
estimates of SB relative to alternative approaches such as hip- or thigh-based accelerometry 102 
is unclear and requires further investigation. Furthermore, it is important to evaluate the 103 
accuracy of the wrist cut-points to detect breaks in SB in order to understand their influence 104 
on health outcomes. 105 
To our knowledge, no comprehensive validation studies have been conducted in 106 
children in which sedentary wrist cut-points for the ActiGraph or GENEActiv have been 107 
evaluated simultaneously during a standardised activity protocol, against a criterion measure 108 
and alternative objective measures of SB. Therefore, the aims of this study were to examine 109 
the classification accuracy and validity of sedentary wrist cut-points for ActiGraph and 110 
GENEActiv, relative to the hip-mounted ActiGraph (Evenson: ≤25c/15s) and the thigh-111 
mounted activPAL3TM, using direct observation as the criterion measure in 5-12 year-olds. 112 
Based on evidence that the thigh-mounted activPAL3TM demonstrated acceptable accuracy 113 
for classifying SB in school-aged children (34) and that traditional hip-based accelerometers 114 
tend to overestimate time spent in SB (17), and the assumption that wrist cut-points might 115 
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have similar difficulties as hip cut-points in discriminating between standing and sitting, it 116 
was hypothesized that the most accurate wrist cut-points would demonstrate similar accuracy 117 
as the hip cut-point for assessing SB, but lower accuracy than the thigh-mounted 118 
activPAL3TM. 119 
 120 
Methods 121 
Participants 122 
Fifty-seven children aged 5-12y who were without physical or health conditions that 123 
would affect participation in physical activity were recruited as part of an activity monitor 124 
validation study. The study was approved by the University of Wollongong Health and 125 
Medical Human Research Ethics Committee. Written parental consent and participant assent 126 
were obtained prior to participation. 127 
Procedures 128 
Participants were required to visit the laboratory on two occasions. Anthropometric 129 
measures were completed during the first visit using standardised procedures while children 130 
were wearing light clothing and with shoes removed. BMI (kg/m2) and weight status were 131 
calculated (20). Children completed a protocol of 15 semi-structured activities from sedentary 132 
(lying down, TV viewing, handheld e-game, writing/coloring, computer game), light (getting 133 
ready for school, standing class activity, slow walk, dancing), and moderate-to-vigorous (tidy 134 
up, brisk walk, soccer, basketball, running, locomotor course) intensity (Supplemental Digital 135 
Content 1). Activities were equally divided over 2 visits and completed in a structured order 136 
of increasing intensity for 5 min, except for lying down (10 min).  137 
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At each visit, children were fitted with an ActiGraph GT3X+ on the right hip 138 
(midaxilla line at the level of the iliac crest) with an elastic belt, and an ActiGraph GT3X+ 139 
and a GENEActiv dorsally on each wrist. The distal and proximal position of the ActiGraph 140 
and GENEActiv monitors on each wrist was alternated for each participant to avoid 141 
placement effects. An activPAL3TM was placed mid-anteriorly on the right thigh.  142 
Activity monitors 143 
The ActiGraph GT3X+ is a tri-axial accelerometer that measures accelerations 144 
ranging in magnitude ±6g. Raw accelerometry data can be stored at a user-specified sample 145 
frequency ranging from 30-100Hz. The GENEActiv has a waterproof design and measures 146 
tri-axial accelerations ranging in magnitude ±8g at a sample frequency ranging from 10-147 
100Hz. The ActiGraph and GENEActiv were initialised with a sample frequency of 100Hz. 148 
Data reduction approaches were performed according to the methods used to develop each 149 
cut-point (Table 1), as reported in original calibration studies (5, 9, 12, 19, 26, 29). Raw 150 
ActiGraph data were downloaded using ActiLife version 6.12.1. ActiGraph hip and wrist data 151 
were converted to counts per 5s (5, 9), 15s (12), or 60s (19) corresponding to the epoch 152 
lengths used in their development. Output variables for ActiGraph monitors were VA, which 153 
is sensitive to movement only along the longitudinal axis of the lower arm or the dominant 154 
plane of the body (hip) and vector magnitude (VM), a 3-dimensional measure of the 155 
acceleration which is not sensitive to orientation and direction of movement. Raw 156 
GENEActiv wrist data were downloaded and converted into 1s epochs using the GENEActiv 157 
software version 2.2 according to methods described by Philips et al. (26), in order to create 158 
gravity-subtracted signal vector magnitude (SVMgs) data. Customized software was used to 159 
filter the raw GENEActiv data (bandpass filter, cut-off frequencies: 0.2 and 15Hz) in order to 160 
remove the gravitational acceleration component as well as high-frequency sensor noise, as 161 
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described by Schaefer et al. (29). An average gravity-subtracted signal vector magnitude 162 
(SVMg) was then calculated for each second using a formula described by the authors.  163 
 The activPAL3TM is an activity monitor worn on the thigh that uses tri-axial 164 
acceleration data (20Hz) to assess the position and movement of the limb. The activPAL3TM 165 
software version 7.2.32 with proprietary algorithms was used to classify tri-axial 166 
accelerometry data into periods spent sitting/lying, standing or stepping. Event records 167 
created by the software were used to create 1s epoch data files which were used in the 168 
analyses to classify periods spent sedentary. The activPAL3TM was initialised with minimum 169 
sitting or upright period of 1s. 170 
Direct observation 171 
Direct observation was used as criterion measure to establish the classification 172 
accuracy and validity of the cut-points. Children were recorded on video completing the 173 
activities as well as during transitions between activities. A single observer coded all videos 174 
using Vitessa 0.1 (University of Leuven, Belgium) which generated a time stamp every time 175 
a change in posture or intensity was coded by the observer. Subsequently, a second-by-176 
second classification system was generated. Every second following the time stamp inserted 177 
by the observer was classified as being the same posture as the one occurring at the time 178 
stamp itself until the next time stamp was created, indicating that a change in the child’s 179 
posture had occurred. In the event of two postures occurring within the same second, this 180 
second was duplicated in order to label both postures. Labels for postures were sitting/lying 181 
(gluteus muscles resting on ground, feet, legs or any other surface, or lying in prone position), 182 
standing (e.g both feet touching the ground, squatting, standing on one foot, kneeling on one 183 
or two knees), stepping (e.g moving one leg in front of the other, including stepping with a 184 
flight phase, jumping, stepping, sliding/side gallop) and “off screen” for direct observation 185 
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using 1s epochs. A dichotomous coding system was applied to re-code postures into 186 
sedentary (sitting/lying: “1”) and non-sedentary (standing, stepping: “0”). Videos of 5 187 
randomly selected participants were analysed twice by the same observer and by a second 188 
observer to test inter- and intra-observer reliability. Inter- and intra-observer reliability were 189 
examined using Cohen’s Kappa and single measure intra-class correlation coefficients (ICC) 190 
from two-way mixed effect models (fixed-effects = observer; random effects = participants), 191 
using the consistency definition. Cohen’s Kappa coefficient for inter-observer reliability was 192 
0.941. Inter-observer ICC was 0.974 (0.974 - 0.974) and intra-observer ICC was 0.963 (0.962 193 
- 0.963). 194 
Data synchronization 195 
Monitors and direct observation were time synchronized using an internal computer 196 
clock. Second-by-second direct observation data were synchronized with 1s epoch data from 197 
activPAL3TM and GENEActiv. Direct observation and activPAL3TM data files contained 198 
events of duplicated seconds when two postures were assigned to the same second. If this was 199 
the case for direct observation data, these seconds were duplicated at the corresponding time 200 
point for activPAL3TM and GENEActiv output. If this was the case for activPAL3TM data, the 201 
seconds were duplicated for direct observation and GENEActiv output. The second-by-202 
second duplicates were not generated for ActiGraph output, because these data were exported 203 
in 5s, 15s and 60s epochs. This method was applied for evaluation of classification accuracy 204 
and was in line with previous validation studies in preschool children (10, 18). In order to 205 
align direct observation with ActiGraph epochs, new time frames were created for direct 206 
observation with steps of 5s, 15s and 60s. If >50% of the seconds within an epoch were 207 
classified as sedentary, the epoch was coded as sedentary (“1”), if ≤50% of the epoch was 208 
classified as sedentary, the epoch was coded as non-sedentary (“0”). The synchronized direct 209 
observation and accelerometry data were excluded when direct observation epochs were 210 
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coded as “off screen”. For estimates of time spent in different postures, codes of duplicated 211 
seconds for either direct observation (0.02% of total direct observation data) or accelerometer 212 
(0.04% of total activPAL3TM data) were assigned 0.5sec, in order to avoid artificially 213 
inflating the total time observed. The absolute number of SB breaks for each method was 214 
defined as the number of transitions from SB to non-SB.  215 
Statistical analyses 216 
Prior to analyses, the total sample was divided into two age groups (5-8y, n=25 and 9-217 
12y, n=32) because of the potential that younger and older children might engage in SB 218 
differently (17). Analyses included equivalence testing, Bland-Altman procedures and 219 
calculating sensitivity, specificity and area under the receiver operating curve (ROC-AUC) to 220 
evaluate and compare the accuracy and validity of different SB cut-points for wrist mounted 221 
ActiGraph and GENEActiv accelerometers, hip-worn ActiGraph accelerometer and 222 
activPAL3TM. The equivalence of estimated sedentary time from different activity monitors, 223 
sites and cut-points and direct observation was examined at the group level of measurement 224 
using the 95% equivalence test. In order to reject the null-hypothesis of the equivalence test, 225 
the 90% confidence interval (CI) of time spent sedentary predicted by the monitors should 226 
fall entirely within the predefined equivalence region of ±10% (2). The 90% CIs of the 227 
estimated sedentary time were bootstrapped, because the sample sizes of the age groups were 228 
relatively small and, therefore, not all data were normally distributed. Agreement and 229 
systematic bias for estimated sedentary time were evaluated at the individual level using 230 
Bland-Altman procedures (17). For the ROC analyses, classification accuracy was rated as 231 
excellent (ROC-AUC ≥ 0.90), good (ROC-AUC = 0.80-0.89), fair (ROC-AUC = 0.70-0.79) 232 
or poor (ROC-AUC < 0.70) (23). The difference between the absolute number of SB breaks 233 
estimated by the monitors and direct observation was tested using paired sample t-tests. 234 
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 235 
Results 236 
Descriptive characteristics of participants are presented in Table 2. All participants 237 
completed the protocol and had valid activPAL3TM and ActiGraph wrist and hip data. For one 238 
of the visits, video data were unavailable for 3 children (age 5, 9 and 10y) and GENEActiv 239 
wrist data were unavailable for 3 different children (all 9-12y). Out of the remaining 250,854 240 
1s epochs from 5-8y and 296,134 epochs from 9-12y, 27,983 epochs and 23,513 epochs of 241 
direct observation were coded as “off screen” and excluded from analyses, respectively, 242 
leaving 222,872 (88.8%) valid epochs for 5-8y and 272,622 (92.1%) valid epochs for 9-12y. 243 
Mean direct observation time for 5-8y was 167.2 ± 21.9 min, of which 78.0 ± 11.8 min was 244 
coded as SB. Mean direct observation time for 9-12y was 154.2 ± 35.6 min, of which 69.5 ± 245 
18.4 min was coded as SB. Results are presented for the non-dominant wrist (unless stated 246 
otherwise), because placement on this wrist was recommended by the physical activity 247 
monitor protocol (4) released by the National Health and Nutrition Examination Survey and 248 
previous studies have used the non-dominant wrist for the development of wrist cut-points (5, 249 
16, 29). Results for the dominant wrist are presented in Supplemental Digital Content. 250 
Validation of ActiGraph wrist cut-points 251 
Figures 1 (5-8y) and 2 (9-12y) present the 95% equivalence tests for accelerometry-based 252 
estimated time spent in SB from wrist-worn ActiGraph and GENEActiv cut-points, the hip-253 
worn ActiGraph cut-point and activPAL3TM, as well as the equivalence region of direct 254 
observation.  At the group level, estimates of SB time from Kim et al.’s ActiGraph VM wrist 255 
cut-point (KimVM) were equivalent to direct observation (p=0.02) in 5-8y, and estimates from 256 
the VA cut-point (KimVA) approached equivalence (p=0.08). Mean bias for estimated SB 257 
time from KimVM was 4.1% (limits of agreement [LoA]: -20.1% – 28.4%) (Table 3), whereas 258 
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KimVA underestimated SB time by 6.5% (LoA: -33.1% – 20.2%). In 9-12y, CrouterVA/ROC 259 
and KimVA were equivalent to direct observation (p<0.01) and CrouterVM/ROC approached 260 
equivalence (p=0.05). These cut-points underestimated SB time by 1.7% (LoA: -25.9% –261 
22.5%), 2.5% (LoA: -27.9% – 22.9%) and 5.3% (LoA: -27.9% – 22.9%), respectively. 262 
Estimates of SB time from other ActiGraph wrist cut-points were not equivalent to direct 263 
observation in either age group. The mean bias varied from 7.2% (CrouterVA/ROC) to 20.5% 264 
(ChandlerVA/2016) in 5-8y and from 10.9% (CrouterVA/REG) to 29.6% (ChandlerVA/2016) in 9-265 
12y. Good classification accuracy (Table 4) was found for KimVA (both age groups: ROC-266 
AUC = 0.86) and KimVM (5-8y: ROC-AUC = 0.85; 9-12y: ROC-AUC = 0.82). Classification 267 
accuracy for other ActiGraph wrist cut-points was fair (5-8y: ROC-AUC = 0.77-0.79, 9-12y: 268 
ROC-AUC = 0.72-0.75). At the individual level (Table 3), LoAs for all cut-points, including 269 
the most accurate ActiGraph wrist cut-points, were relatively wide (range = ChandlerVA/2016 in 270 
5-8y: 0.0% – 41.0%; to ChandlerVA/2016 in 9-12y: -6.6% – 65.9%), which indicated large 271 
random error. No systematic bias (Table 3) was found for any of the ActiGraph wrist cut-272 
points (p>0.05). Findings of the equivalence test, classification accuracy and Bland-Altman 273 
analyses for ActiGraph wrist cut-points for the dominant wrist (Supplemental Digital Content 274 
2, 3 and 4) were consistent with findings for the non-dominant wrist. Compared to direct 275 
observation, the absolute number of breaks were overestimated by all ActiGraph cut-points in 276 
both age groups for both wrists (5-8y: mean difference range = 2.4-160.8, all p<0.05; 9-12y: 277 
mean difference range = 1.8-138.6, all p<0.05), except from KimVM for the non-dominant 278 
wrist (5-8y: mean difference = 1.4±5.7, p=0.24; 9-12y: mean difference = 1.8, p=0.05) 279 
(Supplemental Digital Content 5). Mean differences with direct observation were larger for 280 
wrist cut-points developed with 5sec epochs (5-8y: 154.4±4.1, 9-12y: 129.9±5.2) compared 281 
to cut-points developed with 60sec epochs (5-8y: 2.9±1.2, 9-12y: 2.5±0.8). 282 
 283 
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Validation of GENEActiv wrist cut-points 284 
Estimates of SB time from GENEActiv wrist cut-points PhillipsSVM and SchaeferSVM 285 
for the non-dominant wrist were not equivalent to direct observation (Figures 1 and 2). 286 
PhillipsSVM and SchaeferSVM overestimated SB time in 5-8y by 16.8% (LoA: -3.9% – 29.6%) 287 
and 9.6% (LoA: -13.8% – 33.0%), respectively, and in 9-12y by 17.8% (LoA: -11.6% – 288 
47.3%) and 12.6% (LoA: -12.3% – 37.6%), respectively (Table 3). Although estimates from 289 
the GENEActiv wrist cut-points for the dominant wrist were also not equivalent to direct 290 
observation in both age groups, the cut-points performed slightly better for this wrist when 291 
estimating SB time at the group level (Supplemental Digital Content 4). For the dominant 292 
wrist, PhillipsSVM and SchaeferSVM overestimated SB time in 5-8y by 8.1% (LoA: -24.0% – 293 
40.1%) and 6.5% (LoA: -16.1% – 29.1%), respectively, and in 9-12y by 8.2% (LoA: -18.6% 294 
– 35.0%) and 10.5% (LoA: -13.6% – 34.6%), respectively (Supplemental Digital Content 2). 295 
Classification accuracy for all GENEActiv wrist cut-points were fair to good in both age 296 
groups and for both wrists (ROC-AUC = 0.79-0.80). At the individual level, the LoA was 297 
smallest for PhillipsSVM (-3.9% – 29.6%), although all other LoAs for GENEActiv cut-points 298 
were relatively wide, which indicated large random error (Table 3 and Supplemental Digital 299 
Content 2). No systematic bias was found for any of the GENEActiv wrist cut-points 300 
(p>0.05). All GENEActiv wrist cut-points overestimated the absolute number of breaks 301 
compared to direct observation in both age groups (5-8y: mean difference range = 354.8-302 
468.8, all p<0.01; 9-12y: mean difference range = 313.2-398.1, all p<0.01) (Supplemental 303 
Digital Content 5). Mean differences with direct observation were larger for the GENEActiv 304 
wrist cut-points developed with 1sec epochs, compared to the ActiGraph cut-points 305 
developed with both 5sec epochs and 60sec epochs. 306 
 307 
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Comparison of validity of wrist cut-points against ActiGraph hip cut-point and activPAL3TM 308 
In 5-8y, estimates of SB time by activPAL3TM (12.6% [LoA: -39.8% – 14.7%]) and 309 
the hip-worn ActiGraph (15.8% [LoA: -5.7% – 37.2%]) were not equivalent to direct 310 
observation, and the most accurate ActiGraph wrist cut-points (KimVA and KimVM), 311 
GENEActiv wrist cut-points for the dominant wrist and SchaeferSVM for the non-dominant 312 
wrist had smaller mean biases. Despite these differences, LoAs for the ActiGraph and 313 
GENEActiv wrist cut-points were similarly wide to activPAL3TM and the hip-worn 314 
ActiGraph. In contrast to the group level findings, classification accuracy for the Kim cut-315 
points were significantly lower than activPAL3TM (ROC-AUC = 0.92, 95%CI = 0.92-0.93), 316 
but similar to the hip-worn ActiGraph (ROC-AUC = 0.85, 95%CI = 0.84-0.85) in 5-8y. 317 
Classification accuracy of both GENEActiv wrist cut-points for the non-dominant and 318 
dominant wrist was significantly lower than activPAL3TM and the hip-worn ActiGraph.  319 
In 9-12y, estimates of SB time by activPAL3TM were equivalent to DO (-1.4% [LoA: 320 
-13.95 - 11.0%]) (p<0.01), which was also the case for the most accurate ActiGraph wrist 321 
cut-points (CrouterVA/ROC and KimVA). However, mean biases were larger and estimates of 322 
SB time were not equivalent to direct observation for the hip-worn ActiGraph (17.8% [LoA: -323 
3.9% - 39.5%]), and GENEActiv cut-points for either wrist in 9-12y. LoAs for the ActiGraph 324 
and GENEActiv wrist cut-points were wider than activPAL3TM, but similar to ActiGraph on 325 
the hip in 9-12y. The most accurate ActiGraph wrist cut-point (KimVA) exhibited lower 326 
classification accuracy than activPAL3TM (ROC-AUC = 0.97, 95%CI = 0.97-0.97), but was 327 
similar to the hip-worn ActiGraph (ROC-AUC = 0.85, 95%CI = 0.84-0.85) in 9-12y. 328 
Classification accuracy of the GENEActiv cut-points for both wrists was lower than 329 
activPAL3TM and the hip-worn ActiGraph, in 9-12y.  330 
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Mean differences with direct observation for SB breaks were larger for most 331 
ActiGraph and both GENEActiv wrist cut-points compared to the activPAL3TM (5-8y: 332 
8.5±6.0, p<0.01; 9-12: 3.2±3.1, p<0.01) and the hip-worn ActiGraph (5-8y: 33.2±13.7, 333 
p<0.01; 9-12: 29.3±10.9, p<0.01) in both age groups, except for the KimVM cut-points where 334 
the differences were smaller.  335 
 336 
Discussion 337 
This study examined the accuracy and validity of ActiGraph and GENEActiv wrist 338 
cut-points for classifying SB in 5-12 year-old children. The ActiGraph wrist cut-points 339 
KimVM and KimVA accurately estimated SB time in 5-8y and 9-12y, respectively, at the group 340 
level, and exhibited good classification accuracy. These cut-points provided more accurate 341 
estimates of SB time compared to the Evenson ActiGraph hip cut-point (≤25c/15s). Although 342 
GENEActiv wrist cut-points appeared to provide more accurate group-level estimates of SB 343 
time than the ActiGraph hip cut-point for 5-8y and 9-12y, these cut-points over-estimated SB 344 
time, and classification accuracy was significantly lower than for the ActiGraph hip cut-point 345 
and activPAL3TM in both age groups. Excluding an overestimation of SB time in 5-8y, 346 
activPAL3TM exhibited greater accuracy than the ActiGraph and GENEActiv wrist cut-points 347 
and the ActiGraph hip cut-point. Overall, the most accurate ActiGraph and GENEActiv wrist 348 
cut-points estimated SB with similar accuracy as the ActiGraph hip cut-point, although the 349 
accuracy of the thigh-mounted activPAL3TM was generally higher. The KIMVM cut-point 350 
estimated the absolute number of breaks in SB more accurately than the ActiGraph hip cut-351 
point and activPAL3TM in both age groups, whereas the other ActiGraph and GENEActiv 352 
wrist cut-points showed larger overestimations. To our knowledge, no previous studies have 353 
simultaneously evaluated the relative validity of multiple ActiGraph or GENEActiv wrist cut-354 
points developed in different studies among children. Crouter et al. (9) cross-validated their 355 
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ActiGraph wrist cut-points using indirect calorimetry in an independent sample of 11-14 356 
year-olds who completed 2h of unstructured physical activity. The authors reported that the 357 
errors for estimated SB time were small (-8.6% – 2.5%) and not significantly different from 358 
the criterion measure. However, traditional analyses that fail to reject the null hypothesis of 359 
similarity do not necessarily demonstrate that the cut-points meet an acceptable level of 360 
accuracy (2). Therefore, testing the equivalence could be beneficial when examining the 361 
clinical significance of potential errors. In our study, mean bias for estimated SB time from 362 
Crouter et al.’s cut-points were slightly larger, ranging from -7.2% to 11.5% in 5-8y and -363 
1.7% to 16.8% in 9-12y. Equivalence testing indicated that only CrouterVA/ROC in 9-12y was 364 
equivalent to direct observation, although the classification accuracy for Crouter et al.’s cut-365 
points across both age groups was only fair (ROC-AUC = 0.73 – 0.79). This suggests that, 366 
although errors may appear small, they might still be meaningful and misclassification of SB 367 
and non-SB may cancel each other out. Other methodological differences between our study 368 
and that of Crouter et al. (9), such as the younger age range of participants in our study could 369 
have contributed to the differences in findings, because younger and older children 370 
potentially engage in and move between sedentary and non-sedentary behaviors differently 371 
(17). Furthermore, the use of different criterion measures might have also contributed to the 372 
differences in measurement errors. (17) 373 
Kim et al. (19) used a protocol of 12 randomly selected semi-structured activities to 374 
develop ActiGraph wrist cut-points (KimVA and KimVM) in a sub-sample of 7-13 year-olds (n 375 
= 49), and also provided results for the Evenson ActiGraph hip cut-point (≤25c/15s, n = 125) 376 
against which wrist cut-points could be compared. Although ROC-AUC values were not 377 
reported for the hip-worn ActiGraph, sensitivity (Se: true positive rate) for the wrist cut-378 
points (Se: 93.0 – 94.3%) was similar to the hip cut-point (Se = 93.7%), whereas specificity 379 
(Sp: true negative rate) for the wrist cut-points (Sp: 79.9 – 83.5%) was lower than the hip cut-380 
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point (Sp = 92.5%) for classifying SB, suggesting that the hip-worn ActiGraph was slightly 381 
more accurate for classifying non-SB activities. However, the current study found that the 382 
classification accuracy for Kim et al.’s ActiGraph wrist cut-points and the ActiGraph hip cut-383 
point was similar in both age groups. Cut-point approaches for hip-mounted monitors cannot 384 
reliably distinguish between standing still and SB, because SB is classified based on lack of 385 
movement, resulting in non-SB activities with minimal lower body movement being 386 
misclassified as SB. Because our study included transitions between activities, which likely 387 
involved standing with minimal movement, as well as a standing “classroom activity”, the 388 
likelihood of misclassifying non-SB as SB by the hip-worn ActiGraph was higher than in 389 
Kim et al.’s (19) protocol. In contrast, Kim et al. (19) indicated that most instances of 390 
misclassification of non-SB by the hip monitor occurred during a hand weight exercise 391 
involving minimal trunk and lower body movement. As such, our findings suggest that wrist 392 
cut-points may have similar limitations to hip cut-points in misclassifying standing still as 393 
SB. 394 
In relation to wrist GENEActiv SB cut-points, Rowlands et al. (28) compared 395 
PhillipsSVM for the non-dominant wrist with the ActiGraph hip cut-point (Evenson: ≤25c/15s) 396 
in a sample of free-living 10-12 year-olds and reported that estimates of habitual SB time 397 
were 9.6% lower for the GENEActiv wrist cut-point compared to the ActiGraph hip cut-398 
point, however, we found that the estimates of these cut-points were similar. The difference 399 
in study designs may have contributed to these contrasting findings. However, our results 400 
showed larger misclassification of SB by PhillipsSVM compared to the hip-worn ActiGraph, 401 
and therefore precision for classifying SB and estimates at the individual level might be lower 402 
than group-level estimates. 403 
Although some cut-points in the current study appear to provide reasonably accurate 404 
estimates of SB time, the ROC-AUC values indicate that classification accuracy was only 405 
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categorised as fair or good. For example, group level estimates of SB time from KimVM and 406 
KimVA were equivalent or almost equivalent to direct observation and mean biases were 407 
smaller than that observed for the hip-worn ActiGraph and activPAL3TM, however ROC-408 
AUC values were lower than activPAL3TM and similar to the ActiGraph hip cut-point. In 9-409 
12y, the cut-points CrouterVA/ROC and KimVA were equivalent to DO and estimates of SB time 410 
were more accurate than the hip-worn ActiGraph and similar to activPAL3TM. However, 411 
although classification accuracy for KimVA was good, classification accuracy for 412 
CrouterVA/ROC was only fair and lower than both activPAL3
TM and the hip-worn ActiGraph. 413 
A possible explanation is that SB as estimated by wrist cut-points was misclassified as non-414 
SB in some activities. For instance, the highest percentage of misclassified SB epochs (AG: 415 
0.4%-7.3%, GA: 1.4%-5.7%) was found during the coloring activity in 5-8y, which requires 416 
the child to use the hand, and so wrist monitors might record counts high enough to be 417 
misclassified as non-SB. In contrast, standing still while writing on a white board resulted in 418 
the highest percentage of misclassified epochs during non-SB activities for the non-dominant 419 
hand (5-8y: AG, 6.7%-9.7%, GA: 8.1%-8.6%; 9-12y: AG, 6.1%-9.0%, GA: 7.7%-8.3%), 420 
because the wrist monitors recorded low activity counts on this hand and misclassified 421 
epochs during the task as SB. Misclassification of SB and non-SB for wrist cut-points may 422 
cancel each other out, resulting in seemingly accurate group-level estimates of SB time. Hip-423 
placed monitors on the other hand seem to overestimate SB time at the group level, due to the 424 
misclassification of standing still as SB. The results of this study suggest that, while hip-425 
based cut-points that typically misclassify standing still as SB, wrist cut-points exhibit some 426 
misclassification of non-SB as SB and vice-versa. Progress on alternative approaches, such as 427 
those utilising machine learning (15, 27, 33) is therefore required, but until such strategies are 428 
widely available, the use of the most accurate ActiGraph and GENEActiv wrist cut-points for 429 
estimating SB is recommended.   430 
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ActiGraph wrist cut-points developed with 60s epochs seemed to perform better for 431 
estimating SB time at the group level and the absolute number of SB breaks, 432 
and exhibited higher classification accuracy and compared to cut-points developed with 5s or 433 
1s epochs.  This could be explained by a higher number of data points when using shorter 434 
epochs, resulting in a higher chance of misclassification. The lower classification accuracy 435 
with shorter epochs might have contributed to the lower performance of the GENEActiv 436 
wrist cut-points as they were developed with 1 s data. This is in contrast to the common use 437 
of short epochs for accurately capturing sporadic and intermittent bursts of high–intensity 438 
physical activity in children (3). Previous studies have evaluated the effect of epoch length in 439 
free-living school-aged children using ActiGraph hip data and showed that time spent in SB 440 
decreases when longer epochs are applied (1, 25). A possible explanation is that very short 441 
periods (e.g. 1-5s) of standing relatively still might be fairly common in children, resulting in 442 
non-SB being misclassified as SB using short epochs. In contrast, when using 60s epochs, 443 
standing still would need to occur for almost all of a 60s period for this to be misclassified as 444 
SB, and it is possible that this is less common than short periods of standing still among 445 
children. Although most ActiGraph wrist cut-points designed for 5s epochs over-estimated 446 
SB in our analyses, CrouterVA/ROC and CrouterVM/ROC under-estimated SB in 5-8y and 447 
exhibited similar accuracy as those for 60s epochs in 9-12y, and so the combination of epoch 448 
and cut-point is likely to be important. Nevertheless, our findings indicate that the most 449 
accurate SB wrist cut-points were designed for 60s epochs, which has implications for field-450 
based applications. In studies of free-living children, estimates of both SB and physical 451 
activity are often desirable. If data are reduced using short epochs such as 5s to estimate 452 
physical activity, the most accurate SB cut-points for 5s epochs could be applied, such as 453 
Crouter et al.’s CrouterVA/ROC or CrouterVM/ROC (9) for ActiGraph and PhillipsSVM (26) or 454 
Schaefer et al.’s (29) for GENEActiv. Although these cut-points exhibited lower 455 
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classification accuracy than the most accurate 60s wrist cut-points and the ActiGraph hip cut-456 
point, group-level estimates of SB time were more accurate than the ActiGraph hip cut-point. 457 
A unique strength of the study was that several currently available wrist cut-points for 458 
ActiGraph and GENEActiv were evaluated simultaneously, against a criterion measure and 459 
common alternative objective measures of SB. Another strength was that data from the entire 460 
activity protocol in our study were analysed including transitions between activities, with the 461 
aim to also include data of behaviors outside of structured activities. Additionally, the wide 462 
age range of the sample allowed for analyses across two age groups. However, because the 463 
study protocol predominantly included structured activities completed in a laboratory setting, 464 
the findings should be confirmed under free-living conditions. 465 
In summary, the use of the most accurate ActiGraph and GENEActiv wrist-based 466 
activity monitor cut-points for estimating SB can be applied in free-living children with 467 
similar confidence as the hip-based ActiGraph cut-point (≤25c/15s), although alternative 468 
approaches may be needed to achieve the generally higher accuracy of thigh-based 469 
approaches such as activPAL3TM.   470 
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Figure 1. 95% equivalence test for accelerometry-based estimated time spent in sedentary 
behaviors in 5-8 year-olds. 
Legend Figure 1: Times estimated by wrist-worn ActiGraph and wrist-worn GENEActiv cut-
points are equivalent to direct observation if 90% confidence intervals lie entirely within the 
equivalence region of direct observation.VA: vertical axis; VM: vector magnitude; SVM: 
gravity-subtracted signal vector magnitude; ROC: developed using receiver operating curve 
analysis; Regression: developed using regression analysis. 
 
Figure 2. 95% equivalence test for accelerometry-based estimated time spent in sedentary 
behaviors in 9-12 year-olds. 
Legend Figure 2: Times estimated by wrist-worn ActiGraph and wrist-worn GENEActiv cut-
points are equivalent to direct observation if 90% confidence intervals lie entirely within the 
equivalence region of direct observation. VA: vertical axis; VM: vector magnitude; SVM: 
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gravity-subtracted signal vector magnitude; ROC: developed using receiver operating curve 
analysis; Regression: developed using regression analysis. 
 
Supplemental Digital Content 4. 95% equivalence test for accelerometry-based estimated 
time spent in sedentary behaviors for the dominant wrist in a) 5-8 year-olds and b) 9-12 year-
olds. 
Legend Supplemental Digital Content 4: Times estimated by wrist-worn ActiGraph and 
wrist-worn GENEActiv cut-points are equivalent to direct observation if 90% confidence 
intervals lie entirely within the equivalence region of direct observation. VA: vertical axis; 
VM: vector magnitude; SVM: gravity-subtracted signal vector magnitude; ROC: developed 
using receiver operating curve analysis; Regression: developed using regression analysis. 
Table 1 Sedentary wrist cut-points 
Monitor Author 
Outcome 
variable Abbreviation Sample Activities Cut-point 
ActiGraph Chandler et al. (4) Vertical 
axis 
ChandlerVA/2015 n = 45  
Range = 8-12y 
Mean age = 9.0y  
49% boys, 51% girls 
Resting, enrichment, walking, 
playground, splash pad, swimming, 
endurance run 
<161c/5s 
  Vector 
Magnitude 
ChandlerVM   <305c/5s 
 Chandler et al. 
(personal 
communication) 
Vertical 
axis 
ChandlerVA/2016 n = 167 (calibration: 
n = 100) 
Range = 5-11y 
Mean age = 8.0y 
58% boys,  42% girls 
Reading books, playing/sorting cards, 
cutting and pasting from magazines, 
playing board games, eating a snack, 
playing games on a tablet, watching TV, 
and writing with a pencil, walking 
<202c/5s 
Table
 Crouter et al. (8) Vertical 
axis 
CrouterVA/ROC n = 181  
Range = 8-15y 
Mean age = 12.0y 
53.6% boys,  46.4% 
girls 
One out of four structured activity 
routines including free-living activities 
such as: resting, reading, watching TV, 
walking, running, computer games, 
cleaning, playing wall ball, soccer 
≤35c/5s 
   CrouterVA/REG   ≤105c/5s 
 
 
Vector 
Magnitude 
CrouterVM/ROC 
 
 ≤100c/5s 
   CrouterVM/REG   ≤275c/5s 
 Kim et al. (21) Vertical 
axis 
KimVA n = 49 
Range = 7-13y 
Mean age = 10.1y 
40.8% boys, 59.2% 
girls 
Set of 12 activities such as: reading, 
watching TV, walking, running, playing 
catch, basketball, stationary cycling 
≤1756c/60s 
  Vector 
Magnitude 
KimVM   ≤3958c/60s 
 Notes Table 1: VA: vertical axis; VM: vector magnitude; c: counts; s: seconds; SVMg/gs: gravity-subtracted signal vector magnitude; 
g: gravity; gs: g ∙ seconds; ROC: developed using receiver operating curve analysis; Regression: developed using regression analysis 
GENEActiv Phillips et al. (30) SVMgs PhillipsSVM n = 44  
Range = 8-14y 
Mean age = 10.9y 
40.9% boys, 59.1% 
girls 
Lying supine, seated DVD viewing, 
active computer games (boxing), using a 
Nintendo Wii, slow walking, brisk 
walking, slow 
running and a medium run 
Right: <6gs, 
left: <7gs 
  Schaefer et al. (35) SVMg SchaeferSVM n = 24 children  
Range = 6-11y 
Mean age = 9.2y 
54.2% boys, 45.8% 
girls 
Resting, colouring, Lego® building, Wii 
Sports® games, treadmill walking, 
jogging, running 
≤0.19g 
Table 2. Participant characteristics 
 
5-8y 
(n=25) 
9-12y 
(n=32) 
Total 
(n=57) 
Age (y) 7.0 ± 1.2 10.9 ± 1.2 9.2 ± 2.3 
Sex    
  Boys (n) 11 (44.0%) 17 (53.1%) 28 (49.1%) 
  Girls (n) 14 (56.0%) 15 (46.9%) 29 (50.9%) 
Height (cm) 123.0 ± 8.9 146.0 ± 9.2 135.9 ± 14.6 
Body mass (kg) 24.1 ± 4.0 39.4 ± 9.9 32.7 ± 10.9 
BMI percentile 52.8 ± 24.3 53.5 ± 31.9 53.2 ± 28.6 
  Overweight (n) 2 (8.0%) 5 (15.6%) 7 (12.3%) 
  Obese (n) - 2 (6.6%) 2 (3.5%) 
Race    
  Caucasian (n) 24 (96.0%) 30 (93.8%) 54 (94.7%) 
  Asian (n) 1 (4.0%) 2 (6.2%) 3 (5.3%) 
Characteristics of the participants are presented as mean ± SD, distributions of the sample are 
presented in numbers (n) and percentages. 
Table
Table 3 Agreement analysis of accelerometry-based estimations of sedentary behavior 
compared to direct observation. 
   Cut-point Mean bias (%) 95% LoA Slope p-value 
ActiGraph wrist 
(vertical axis) 
 
CrouterVA/ROC 
   5-8y 7.2 -19.4 - 33.9 0.367 
9-12y   1.7* -22.5 - 25.9 0.677 
CrouterVA/REG 
   5-8y -7.6 -30.4 - 15.2 0.673 
9-12y -10.9 -33.1 - 11.3 0.770 
ChandlerVA/2015 
   5-8y -15.4 -36.5 - 5.6 0.975 
9-12y -19.0 -42.1 - 4.1 0.726 
ChandlerVA/2016 
   5-8y -20.5 -41.0 - 0.0 0.966 
9-12y -29.6 -65.9 - 6.6 0.306 
KimVA 
   5-8y 6.5 -20.2 - 33.1 0.718 
9-12y   2.5* -22.9 - 27.9 0.892 
ActiGraph wrist 
(vector magnitude) 
CrouterVM/ROC 
   5-8y 11.5 -16.8 - 39.8 0.323 
9-12y 5.3 -22.5 - 33.2 0.752 
CrouterVM/REG 
   5-8y -11.0 -35.2 - 13.1 0.436 
9-12y -16.8 -44.6 - 10.9 0.563 
Table
Notes Table 3: LoA: limits of agreement; VA: vertical axis; VM: vector magnitude; SVM: 
gravity-subtracted signal vector magnitude; c: counts; s: seconds; g: gravity; gs: g ∙ seconds. 
Mean bias was calculated as: measured SB time – estimated SB time; a positive value 
indicates underestimation; a negative value indicates overestimation. *Significantly 
equivalent to direct observation (p < 0.05). 
 
ChandlerVM 
   5-8y -14.4 -38.5 - 9.7 0.401 
9-12y -20.8 -49.8 - 8.1 0.542 
KimVM 
   5-8y   -4.1* -28.4 - 20.1 0.522 
9-12y -13.3 -43.7 - 17.1 0.454 
GENEActiv wrist 
(signal vector 
magnitude) 
PhillipsSVM 
   5-8y -16.8 -29.6 - 3.9 0.744 
9-12y -17.8 -47.3 - 11.6 0.737 
SchaeferSVM 
   5-8y -9.6 -33.0 - 13.8 0.957 
9-12y -12.6 -37.6 - 12.3 0.898 
activPAL3TM 5-8y 12.6 -14.7 - 39.8 0.122 
  9-12y    1.4* -11.0 - 13.9 0.442 
ActiGraph hip 
(vertical axis) 
5-8y -15.8 -37.2 - 5.7 0.204 
9-12y -17.8 -39.5 - 3.9 0.260 
Table 4 Classification accuracy of accelerometry-based estimations of sedentary behavior.  
  Cut-point Se % 95% CI Sp % 95% CI ROC-AUC 95% CI 
ActiGraph wrist 
(vertical axis) 
 
CrouterVA/ROC 
      5-8y 82.0 81.5 - 82.5 73.6 73.0 - 74.1 0.78 0.77 - 0.78 
9-12y 72.1 71.7 - 72.6 76.5 76.0 - 77.0 0.74 0.74 - 0.75 
CrouterVA/REG 
      5-8y 81.9 81.4 - 82.4 76.3 75.8 - 76.8 0.79 0.79 - 0.80 
9-12y 83.3 82.8 - 83.7 66.5 66.0 - 67.0 0.75 0.75 - 0.75 
ChandlerVA/2015 
      5-8y 86.2 85.7 - 86.6 72.2 71.7 - 72.7 0.79 0.79 - 0.80 
9-12y 87.0 86.6 - 87.4 62.1 61.6 - 62.6 0.75 0.74 - 0.75 
ChandlerVA/2016 
      5-8y 89.0 88.6 - 89.4 68.8 68.2 - 69.3 0.79 0.79 - 0.79 
9-12y 89.4 89.0 - 89.8 58.8 57.5 - 58.5 0.74 0.73 - 0.74 
KimVA 
      5-8y 87.8 86.2 - 89.3 83.7 81.8 - 85.4 0.86 0.85 - 0.87 
9-12y 89.5 88.0 - 90.8 83.2 81.5 - 84.8 0.86 0.85 - 0.87 
ActiGraph wrist 
(vector 
magnitude) 
CrouterVM/ROC 
      5-8y 83.2 82.7 - 83.6 71.0 70.4 - 71.6 0.77 0.77 - 0.78 
9-12y 73.0 72.5 - 73.4 73.6 73.0 - 74.1 0.73 0.73 - 0.74 
CrouterVM/REG 
      5-8y 83.2 82.7 - 83.7 73.6 73.1 - 74.1 0.78 0.78 - 0.79 
9-12y 83.5 83.1 - 84.0 62.3 61.8 - 62.8 0.73 0.73 - 0.73 
 
      
Table
ChandlerVM 
5-8y 84.8 84.3 - 85.3 71.5 71.0 - 72.1 0.78 0.78 - 0.79 
9-12y 84.8 84.4 - 85.3 59.6 59.1 - 60.2 0.72 0.72 - 0.73 
KimVM 
      5-8y 93.6 92.3 - 94.7 77.0 74.9 - 79.0 0.85 0.84 - 0.86 
9-12y 93.5 92.3 - 94.5 71.3 69.3 - 73.2 0.82 0.81 - 0.83 
GENEActiv wrist 
(signal vector 
magnitude) 
PhillipsSVM 
      5-8y 87.5 87.4 - 87.7 72.9 72.7 - 73.0 0.80 0.80 - 0.80 
9-12y 86.8 86.7 - 87.0 73.3 73.1 - 73.4 0.80 0.80 - 0.80 
SchaeferSVM 
      5-8y 82.6 82.4 - 82.7 75.4 75.2 - 75.6 0.79 0.79 - 0.79 
9-12y 83.6 83.4 - 83.7 75.1 74.9 - 75.2 0.79 0.79 - 0.79 
 activPAL3TM 5-8y 97.9 97.8 - 98.0 87.0 86.9 - 87.2 0.92 0.92 - 0.93 
9-12y 97.7 97.6 - 97.8 95.9 95.8 - 96.0 0.97 0.97 - 0.97 
ActiGraph hip 
(vertical axis) 
5-8y 92.7 92.1 - 93.3 76.3 75.4 - 77.2 0.85 0.84 - 0.85 
9-12y 93.6 93.0 - 94.1 75.9 75.0 - 76.7 0.85 0.84 - 0.85 
Notes Table 4: Se: sensitivity; Sp: specificity; CI: confidence intervals; ROC-AUC: area 
under the receiver operating curve; VA: vertical axis; VM: vector magnitude; SVM: gravity-
subtracted signal vector magnitude; c: counts; s: seconds; g: gravity; gs: g ∙ seconds. 
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